Quantum spin systems provide a variety of unique many-body phenomena through strong quantum fluctuations. Haldane's prediction in 1983 [1] has stimulated experimental and theoretical studies focused on the qualitative difference between half-integer and integer spin Heisenberg antiferromagnetic (AF) chains. Subsequent investigations on S=1 systems have established the presence of a Haldane gap in the integer spin case [2] [3] [4] [5] . The ground state below the Haldane gap is well described as a valence-bond-solid (VBS) [6, 7] , where each integer spin is considered as two half-size spins forming a singlet state between different sites.
However, there are remarkably few examples of S>1 quantum spin systems. The secondminimal integer spin, S=2, has only several examples [8] [9] [10] [11] [12] [13] , and their quantum behavior still has not been clarified. The spin degrees of freedom for S=2 systems can be expected to create rich quantum states. The ground-state phase diagram on the S=2 AF chain is discussed in several numerical works [14] [15] [16] [17] [18] [19] [20] [21] , where varieties of quantum phase appear in accordance with the combination of exchange and on-site anisotropies. Moreover, a bond alternation in the S=2 AF chain is expected to induce a hidden symmetry breaking in the VBS state [22] [23] [24] .
The VBS of the integer spin chain can be mapped onto a strong ferromagnetic (F) coupling limit of an F-AF alternating chain with half-size spin. Therefore, the S=1/2 Heisenberg F-AF chain has been intensively studied in relation with the Haldane state in the S=1 Heisenberg AF chain [25] [26] [27] . Hida investigated the ground-state properties for various ratios of exchange constants [28] [29] [30] . The energy gap and string order parameter, which indicates hidden topological order specific to VBS, have finite values for all the ratios of exchange constants and change continuously from the S=1 Haldane (|J F | ≫ J AF ) phase to the S = 1/2 AF dimer (|J F | ≪ J AF ) phase. Thus, it is suggested that there is no discontinuous change in the ground state associated with a phase transition between two opposite limiting cases. Accordingly, the ground-state properties of the present S=2 F-AF alternating chain could be related to that of an S = 4 AF chain, even though the details of exchange path slightly differs from that of the S=1/2 case.
Recently, we have established synthetic techniques for preparing high-quality verdazylbased single crystals, and we have demonstrated modulations of the magnetic interactions by using simple chemical modifications [31] [32] [33] [34] . More recently, we have successfully proceeded to the next stage of the synthesis, wherein verdazyl radical coordinates to transition metal [35] . Such complexes enable us to manipulate the spin size through the strong coupling between radical and magnetic ion; this technique is the focus of the present work.
In this letter, we report the first experimental realization of an S=2 F-AF alternating chain with Ising anisotropy. We have succeeded in synthesizing a new Mn-verdazyl complex The synthesis of [Mn(hfac) 2 ]·(o-Py-V), whose molecular structure is shown in Fig. 1(a) , was performed using a procedure similar to that for [Zn(hfac) 2 ]·(o-Py-V) [35] . The crystal structure was determined on the basis of intensity data collected using a Rigaku AFC-8R Mercury CCD RA-Micro7 diffractometer with Japan Thermal Engineering XR-HR10K.
The magnetizations were measured using a commercial SQUID magnetometer (MPMS-XL, Quantum Design) and a capacitive Faraday magnetometer down to about 70 mK. The experimental results were corrected for diamagnetic contribution calculated by Pascal's method.
The specific heat was measured by a standard adiabatic heat-pulse method down to about 0.1 K. The ESR measurements were performed utilizaing a vector network analyzer (ABmm), a superconducting magnet (Oxford Instruments), and a home-made ESR cryostat at AHMF in Osaka University.
The crystal structure at room temperature (RT) is isomorphous to that of [Zn(hfac) 2 ]·(oPy-V) [35] (see Table S1 ). We focus on the low-temperature structure at 25 K in order to consider magnetic interactions that act in a dominant fashion below about 100 K. Although the space group slightly changes from P 2 1 /c at RT to P 2 1 at 25 K, there is little change in the molecular arrangements (see Supplementary). The crystallographic parameters at 25 K are as follows [36] : monoclinic, space group P 2 1 , a=8.7586(12)Å, b=31.988(5)Å, c=10.8617 (15) A, β=92.568 (4) • , and V =3040.1(7)Å 3 . We performed MO calculations in order to evaluate intramolecular interaction between spins on Mn 2+ , S Mn = 5/2, and verdazyl radical, S V =1/2, and the intermolecular interactions between their resultant spins [37] . The intramolecular interaction J intra , which is defined by the spin Hamiltonian as H = J intra S Mn ·S V , is evaluated to be about 664 K. This strong AF J intra gives rise to a large energy gap of 3J intra between resultant spins of S=2 and 3, as shown in Fig. 1 
where D is an on-site anisotropy, the z-axis corresponds to the b-axis (discussed later), and S is an S=2 spin operator. which evidences the formation of S=2 by the strong AF J intra . We calculated χT for the S Mn -S V dimer coupled by J intra and obtained impressive agreement between the experiment and the calculation above about 100 K by using J intra /k B = 325 K, where we assumed g b =2.02
and 99% of sample purity evaluated from the following ESR and magnetization curve. Below 100 K, χT increases with decreasing temperature down to about 0.6 K, as shown in the lower inset of Fig. 2 . This behavior indicates contributions of strong F interaction and/or large anisotropy, which probably arises from a magnetic dipole-dipole interaction. The Curie-Weiss law, χ = C/(T − θ W ), describes the system between 5 and 100 K. The estimated Curie constant and the Weiss temperature are about C = 3.01 emu· K/mol and θ W = +0.78(4) K, respectively. Below 0.6 K, χT decreases with decreasing temperature, which indicates the existence of additional weak AF interactions. We found distinct sharp peaks in χ at lower temperatures. These peaks are associated with phase transitions to a three-dimensional (3D) order because of weak but finite 3D couplings. In fact, the experimental result of the specific heat C p at zero-field exhibits a λ-type sharp peak associated with the phase transition to the 3D order at T N = 0.27 K, as shown in Fig. 3(a) . Although the lattice contributions are not subtracted from C p , the magnetic contributions are expected to be dominant in the low-temperature regions considered here. The finite values at the sufficiently low temperature below T N should originate from the contribution of nuclear spins. Above T N , we observed a broad peak at about 0.8 K, which exactly indicates the development of short-range order in the S = 2 F-AF alternating chain. For the field direction dependence of C p , the peak associated with the phase transition for H//b exhibits a significant change, whereas there is no remarkable change for H//a and H//c, as shown in Fig. 3(b) . Thus, we can deduce an easy-axis anisotropy along the b-axis and consider the on-site anisotropy term in Eq. (1).
Here, we describe the remarkable behavior of the low-temperature magnetization curves for the fields parallel (H//c) and perpendicular (H//b) to the chain direction. The measured saturation magnetization M sat ∼ 4.0 µ B /f.u. is consistent with that expected in the present S=2 system. We observed a distinct metamagnetic phase transition at H c ∼ 0.06 T for H//b, whereas the magnetization curve for H//c apparently exhibits a monotonic increase, as shown in Fig. 4 and its inset. This metamagnetic phase transition demonstrates the presence of a large easy-axis anisotropy with the relation of |D| ≫ J AF if we assume a classical spin system. Furthermore, we found an anomalous peak in the field derivative of magnetization (dM/dH) for H//c. It should be noted that the value of the magnetization at the peak field of about 0.18 T corresponds to M sat /4 ∼ 1.0 µ B /f.u.
In order to evaluate the one-site anisotropy, we carried out ESR measurements. The vertical broken line shows the field where the dM/dH for H//c exhibits the non-trivial peak.
The inset shows the expansion of the low-field region. below 10 K. In high-temperature regions, the energy states of S=2 have a low probability because of the large energy gap between the S=2 and S=3 states. With decreasing temperature, the energy states of S=2 obtain a higher probability, resulting in the occurrence of the resonance signals originating from the transitions between S=2 states. Figure 5(b) 8 shows the frequency dependence of the resonance fields at the lowest temperature of 1.5 K, and we plot them in the frequency-field diagram, as shown in the inset. Considering the energy scale of the interactions and the broad peak temperature of C p , the magnetic correlation length in the chain direction is expected to be quite short at 1.5 K. Therefore, we consider the observed signals as S=2 paramagnetic resonance and take into account the on-site anisotropy as follows: 
